Abstract. By exploring the dynamical and thermal evolution of the iron-rich ejecta in a Quark-Nova explosion we find that the ejecta breaks up into multiple chunks. If the quark-nova occurs inside a collapsar, the interaction between these chunks and the collapsar envelope, in the case of a failed and successful supernova, leads to features indicative of those observed in Gamma Ray Bursts. These features include: (i) precursor activity (optical, X-ray, γ-ray), (ii) prompt γ-ray emission, and (iii) afterglow emission. We discuss SN-less long duration GRBs, short hard GRBs (including association and non-association with star forming regions), dark GRBs, as well as the energetic X-ray flares detected in Swift GRBs in our model.
INTRODUCTION
In the quark-nova (QN) picture, (Ouyed et al. 2002; Keränen et al. 2005 ; hereafter ODD and KOJ respectively) the core of a neutron star, that undergoes the phase transition to the quark phase, shrinks in a spherically symmetric fashion to a stable, more compact strange matter configuration faster than the overlaying material (the neutron-rich hadronic envelope) can respond, leading to an effective core collapse. The core of the neutron star is a few kilometers in radius initially, but shrinks to 1-2 km in a collapse time of about 0.1 ms (Lugones et al. 1994) . The gravitational potential energy released (plus latent heat of phase transition) during this event is converted partly into internal energy and partly into outward propagating shock waves which impart kinetic energy to the material that eventually forms the ejecta.
There are three previously proposed mechanisms for ejection of the outer layers of the neutron star: (i) Unstable baryon to quark combustion leading to a shock-driven ejection (Horvath & Benvenuto 1988) . More recent work, assuming realistic quark matter equations of state, argues for strong deflagration (Drago et al. 2007 ) that can expel surface material. In these models up to 10 −2 M ⊙ can be ejected. These calculations focus on the microphysics and not on the effect of the global state of the resulting quark core which collapses prior to complete combustion (KOJ), leading to conversion only of the inner core (∼ 1-2 km) of the neutron star; (ii) Neutrino-driven explosion where the energy is deposited in a thin (the densest) layer at the bottom of the crust above a gap separating it from the collapsing core (KOJ). For the neutrino-driven mechanism, the core bounce was neglected, and neutrinos emitted ⋆ email:ouyed@phas.ucalgary.ca from the conversion to strange matter transported the energy into the outer regions of the star, leading to heating and subsequent mass ejection. Consequently, mass ejection is limited to about 10 −5 M ⊙ (corresponding to the crust mass below neutron drip density) for compact quark cores of size (1-2) km; (iii) Thermal fireball driven ejection which we consider for the present study. The fireball is inherent to the properties of the quark star at birth. The birth temperature was found to be of the order of 10-20 MeV since the collapse is adiabatic rather than isothermal (ODD; KOJ). In this temperature regime the quark matter is in the superconducting Color-Flavor Locked (CFL) phase (Rajagopal&Wilczek 2001) where the photon emissivity dwarfs the neutrino emissivity (Vogt, Rapp, & Ouyed 2004; Ouyed, Rapp, & Vogt 2005) . The average photon energy is ∼3T for a CFL temperature T : since the plasma frequency of CFL matter is ω ∼ 23 MeV (e.g. Usov 2001) , the photon emissivity is highly attenuated as soon as the surface temperature of the star cools below T a = ω p /3 ≃ 7.7 MeV. To summarize, the thermal fireball is generated as the star cools from its birth temperature down to ∼ 7.7 MeV.
One can estimate the Lorentz factor 1 of the QN ejecta by,
where η 0.1 is the efficiency of energy transfer from the QN to the ejecta's kinetic energy in units of 0.1, and the ejecta mass, m ejecta,−4 is given in units of 10 −4 M ⊙ . Mass ejection in the QN scenario depends on details of energy transfer to the crust. Best estimates of ejected mass from existing calculations are 10 −5 M ⊙ -10 −2 M ⊙ . We adopt a rounded, fiducial, ejected mass of 10 −4 M ⊙ for the remainder of this paper. Heavier mass ejection would lead to mildly or non-relativistic ejecta. This other possibility in our model has major implications to the evolution of the QN ejecta off the funnel with interesting applications to short GRBs (Staff, Ouyed, & Niebergal 2008) .
Fireball generation and crust ejection
The QN ejecta, which is the left-over crust of the parent neutron star, is initially in the shape of a shell and is imparted with energy from the QN explosion. This energy released during the QN explosion (E QN, 53 ; in units of 10 53 erg) is a combination of baryon to quark conversion energy and gravitational energy release due to contraction. Also, the rapid contraction creates a gap between the surface of the collapsed quark matter core and the inner edge of the remaining hadronic matter. Before entering the CFL phase at T ∼ 10-20 MeV the QS cools mainly by neutrino emission; as shown in Keränen et al. (2005) a significant fraction of neutrinos escape through the crust. Once the QS core enters the CFL phase, the energy is released in photons (see Vogt et al. 2004; Ouyed et al. 2005) . Then at that point thermalization leads to the creation of a (e + e − ) fireball with a temperature of 10-20 MeV. Thus the initial state for crust ejection is a QS core surrounded by a fireball in the gap (∼ 1 km) in turn surrounded by the initially stationary neutron star crust.
The general picture is that the fireball from the QN acts as a piston at the base of the crust; i.e. the QS fireball expands approximately adiabatically while pushing the overlaying crust, and cooling fairly rapidly. Using the relativistic force equation, a simple estimate for the timescale to accelerate the crust to Lorentz factor of a few is ∼ 0.1 to 1 millisecond. The force is due to the fireball pressure (F = P A where P = (a/3)T 4 , T ∼ 10-20 MeV and A is the shell's area). The acceleration timescale is only a factor of a few smaller than the free-fall timescale. As the crust moves outward, the fireball cools approximately adiabatically, with the temperature T proportional to V −1/3 with V the volume between the quark star surface and the inner edge of the crust. Initially the temperature decreases slowly with R(t) then later it decreases as 1/R(t) where R(t) is the radial position of the crust. Furthermore, the final kinetic energy of the crust for a Lorentz factor of 10 is about 2 × 10 50 erg for a 10 −4 M ⊙ crust. Thus the energy needed to eject the crust is less than 1% of fireball energy.
The energy input to the crust is mainly kinetic and only a small fraction is thermal since there is no strong shock in this scenario. During the acceleration, the crust can respond on timescale ∆R/c s where ∆R is the crust thickness (about 1 km) and c s is the speed of sound in the crust. The majority of the crust is degenerate with c s = c/ √ 3. The response timescale is ∼ 5 × 10 −6 seconds, about (1/100)th of the acceleration timescale. Thus no strong shock will be generated except in the outermost non-degenerate (i.e. low sound speed) layers (the mass contained in the non-degenrate layers is small < 10 −6 M ⊙ ). The bulk of the crust is thus accelerated smoothly by the pressure from the fireball. In comparison, a normal SN has the energy of core collapse released into mostly nondegenerate matter. Thus a strong shock is generated. In the QN case, most of the crust is highly degenerate with high sound speed, thus it can be accelerated without a strong shock.
The fate of this ejecta depends on the environment where the QN goes off. Here we focus on the case where a QN occurs inside a collapsar and show interesting features reminiscent of what has been associated with GRBs can be recovered. The remainder of this paper is presented as follows: In Sect. 2 we deal with the hydrodynamical and thermal evolution of the ejecta. In Sect. 3 we study the complex interaction between the QN ejecta and the envelope of the progenitor star followed by its application in Sect. 4 to GRBs. A discussion is given in Sect. 5 before we briefly conclude in Sect. 6.
Evolution of the Quark-Nova Ejecta
Before the QN has occurred, one has the progenitor collapse -much like in the collapsar picture except that in our case a quark star is formed instead of a black hole (see Fig. 1 ). For a rotating progenitor the collapse proceeds fastest along the polar axis leaving a low density path called the funnel 2 (Woosley&Bloom 2006 and references therein), with opening half angle θ f . If the QN ejecta propagated into this funnel, then it would encounter negligible resistance, while in other directions the QN ejecta would interact with the higher density SN ejecta (see Fig. 1 ). In these equatorial regions most of the QN energy is lost to energizing the SN ejecta and only a fraction (∼ 2.5 × 10 49 erg η 0.1 θ 2 f,0.1 E QN,53 ) is directed into the funnel. The bulk of the ejecta energy not entering the funnel, ∼ 10 52 erg η 0.1 E QN,53 , goes into re-energizing the SN ejecta and can result in a hypernova (see discussion in § 5.4).
For ejecta masses higher than 10 −4 M ⊙ the corresponding initial density and size (i.e. of the neutron star crust) just before ejection are ρ 0 > 10 10 g cm −3 and ∆r 0 > 0.025r 0 respectively (e.g. Datta et al. 1995) , where r 0 is the radius of the parent neutron star before the QN explosion. Also, the ejecta's birth temperature, T 0 , is estimated to be of the order of 10 MeV. Using general volume expansion (V = V 0 (r/r 0 ) αV ), mass conservation implies that the density of the ejecta will be ρ = ρ 0 (r/r 0 ) −αV . We define α V by a power law dependence of V on r with different α V describing different physical situations, e.g. constant volume, adiabatic, etc.. At this density and temperature the ejecta is relativistic degenerate, so that the Fermi energy evolves with radius as
(see Appendix A for details). The total internal energy, U , in the ejecta at birth can be estimated to be U 0 ∼ 5 × 10 47 erg m ejecta,−4 ρ 1/3 0,10 . Here, the ejecta mass is given in units of 10 −4 M ⊙ , its density in units of 10 10 g cm −3 , and µ e = 2 is the mean molecular weight 2 We assume that by the time the QN occurs any remaining funnel material has too low a density to affect the QN ejecta propagation. If the QN occurs too early the density in the funnel may be high enough (> 10 −5 g cm −3 , see section 3) that the QN ejecta dissipates its energy in the funnel. A newly formed neutron star with expanding ejecta and SN shock wave, as well as the stationary WR stellar envelope is also shown. Angular momentum of the progenitor results in low density polar funnels. Stage 2: An explosive neutron star to quark star conversion (i.e. Quark-Nova) occurs producing the QN ejecta. The QN ejecta can then propagate freely through the funnel, while in other directions it will overtake the SN ejecta. Stage 3: The QN ejecta along the funnel interacts with the WR stellar envelope, while the collision of the SN and QN ejecta lead to fall-back material and energized outgoing ejecta (suggestive of a hypernova).
dominated by the degenerate electrons. The corresponding heat equation describing the thermal evolution of the ejecta can then be written as
where all quantities are expressed in the ejecta's frame. Since the ejecta is expanding relativistically, in its frame we can approximate dr = cdt with r in this case being the distance to the star from the ejecta. This allows the equation above to be recast into,
As shown in Appendix B, applying the heat equation to the relativistically expanding ejecta will result in an almost instantaneous loss of the internal energy. This mainly due to the P dV work done by the ejecta as it expands or due to its rapidly increase in area which leads to efficient cooling.
Ejecta Solidification and Break-Up
In the early stages the QN ejecta, with a temperature in the tens of MeV, resembles a hot molten plasma. Because it is degenerate it cools extremely rapidly (see Appendix B). As the ejecta moves outwards it expands and cools undergoing a liquid to solid transformation -we will refer to the corresponding radius as the solidification radius r s . The state of ions (in this case iron nuclei) can be conveniently specified by the Coulomb plasma parameter (e.g. Potekhin et al. 1999) ,
where Z and A are is the ion charge number and the atomic weight of iron. Since here Ξ > 1 prior to solidification, the shell material constitutes a strongly coupled liquid.
Solidification occurs for Ξ > Ξ m = 172 which implies a solidification temperature of T s ∼ 9.5ρ
keV. The solidification radius is estimated to be r s ∼ 30-100 km, at which point the ejecta's density is ρ s > 10 8 g cm −3 (see Appendices B and C). Previous studies of decompressed neutron star crust show that the material heats up as it expands because the matter fuses into heavier elements and releases energy, which could prevent crystallization. The relevant calculations for expanding quark-nova ejecta has been performed in detail in Jaikumar et al. (2007) . That work considers r-process in quark-nova ejecta with and without β-decay heating. In particular section 3 in that paper discusses the decompression of the ejecta. As can be seen from Figures 5 and 6 in Jaikumar et al. (2007) the ejecta does not reheat above 10 keV (see peak in temperature at time a few milliseconds). The temperature prior to β-decay reheating is low enough for crystallization and break-up to occur. However, β-decay reheating which peaks at a few milliseconds after ejection (see figures 5 and 6 in Jaikumar et al. 2007 ) might re-melt the crystallized ejecta. Even so, the melting temperature and the temperature of the re-heated ejecta may be similar: this would lead to crystallization at some later time. Finally, we note that those calculations did not include radiative losses so they provide an upper limit on the ejecta reheating temperature, thus increasing the likelihood of crystallization.
Regardless of crystallization, the relativistic expansion causes rapid breakup into small chunks because of the inability of causal communication laterally in the shell. Specifically, as the spherical shell expands radially outwards relativistically, it also stretches laterally relativistically 3 . Since the lateral expansion of the matter in the shell is limited by the speed of sound, c s , adjacent patches of the shell separate leading to breakup into small clumps 4 . The size of the clumps depends on whether the breakup occurs in the liquid or solid phase. We discuss the solid phase case first; the liquid case differs in having a much larger breakup strain ψ. As the ejecta solidifies at r s , a strain rapidly builds up inside as the ejecta continues to expand relativistically. Defining the breaking strain of solid iron to be ψ ∼ 10 −3 (e.g. Halliday & Resnick §13.6) then the ejecta break-up occurs at roughly a radius of r b ≈ (1 + ψ)r s (see Appendix D). The typical chunk size at birth is c s ∆t where ∆t = (r b − r s )/c, or,
where we defined
. Here ψ and the break-off radius are given in units of 10 −3 and 100 km respectively, while the density at solidification radius is in units of 10 8 g cm −3 . Table 1 lists the properties of the clumps/chunks for the two cases of breakup occurring in solid or liquid phase. If the shell breaks into clumps during the liquid phase, there are two possibilities:
-(i) the chunks will breakup into smaller pieces when they solidify. Because of the degeneracy of the ejecta, the cooling is so rapid that even if initial breakup occurs in the liquid phase it will be immediately followed by another breakup governed by the smaller breaking strain ψ of the solid. Since the breakup radius is hardly changed the solid chunk size should be independent of whether clumping first took place during the liquid phase or not. -(ii) the ambient temperature remains high enough to keep the clumps liquid as they expand. We note that as the density drops due to expansion, the crystallization temperature also drops (T m ∝ r −2/3 since ρ ∝ r −2 ). There is a delicate competition between the dropping ambient temperature and the dropping crystallization temperature.
In summary, if during the radial expansion, the ambient temperature drops below T s , then the liquid will crystallize. We adopt case (i) as our fiducial case. However most of our results are the same for both cases and we note whenever case (ii) gives a different outcome. In what follows we use the term chunks to refer to either the small solid iron pieces or the larger liquid clumps.
(mediated by the electrons) provide the tension. Such a tension does not exist in a gas. E.g., for SN ejecta where the shock accelerates the gas beyond the sound speed the lack of surface tension means the particles simply expand away from each other. An analogy is that of a bursting balloon versus expanding dust. For the innermost SN ejecta the density may be high enough that it behaves like a liquid rather than a gas. In that case, it is likely the sound speed (which increases inward) is higher than the expansion speed in the inner parts (which decreases inward; v ∝ r). If the SN ejecta is still a liquid at the radius where the expansion speed exceeds the speed of sound then it will be subject to this lateral breakup mechanism.
Expansion of broken ejecta
Beyond the break-up radius, r b , the chunks ejecta remain confined within the relativistically expanding ejecta as a whole. This is because the pieces expand in volume, filling up the space between them, and causing the density of each piece to continuously decrease, until they reach the zero pressure iron density (ρ Fe ∼ 10 g cm −3 ), at which point they stop expanding. If we define a filling factor to be, f b = 1 at r b , then it will remain unity until some separation radius r sep. . This radius of separation can be found from equation (C.3). With ρ = ρ Fe and our fiducial values this radius is r sep.
which implies that the chunks remain closely packed until the ejecta as a whole reaches r sep. ∼ 10 9 cm. Eventually, at an emission radius, r em , the separated pieces will collide with the surroundings, causing shock heating of both the pieces and the surroundings. If the quark-nova were to occur inside a collapsar (see next section), then we take the radius at which this collision occurs to be the distance to the envelope around Wolf-Rayet stars (r env ∼ 10 11 cm; e.g. Crowther 2007 and references therein). In this case the filling factor, in the ejecta's frame, at the radius of emission, r em = r env /Γ > r sep , is, 
where β 0 = r 2 0,10 ρ 0,10 ∆r 0,4 is order unity for our fiducial values.
An estimation of the cross-sectional area extended by each chunk after separation is given by N c ∆r ejecta,−4 . Hence, we expect the chunk's length is roughly a hundred times its width for case (i) or equal to its width for case (ii). In the observer's frame the ratio of length to width will be contracted by a factor of 1/Γ i . For case (i), the chunks thus resemble what we will refer to as "iron needles", reminiscent of the subjet model of Toma et al. (2005;  see discussion in §5.8). For either case, these chunks will survive only if the envelope density is below a certain critical value, as discussed in the following section.
Ejecta's Interaction with stellar envelope
Wolf-Rayet stars can have extended envelopes, the profile of which depends on evolution and metallicity. The evolutionary effects generally result in WN (nitrogen burning) stars evolving into WC (carbon burning) stars with much smaller masses and radii due to mass-loss (e.g. Meynet & Maeder 2003; Heger et al. 2003) . What is of interest here is the structure of the envelope at the time of stellar collapse 5 , which is not yet fully under-stood. For simplicity, we take the stellar structure of a Helium Wolf-Rayet star (Petrovic et al. 2006) to be representative of the progenitor and consider the low and high-metallicity cases (see their Figure 2 ). The main difference is that the high metallicity star has an extended envelope with density ∼ (10 −10 -10 −9 ) g cm −3 and a density inversion near the surface (∼ 3R ⊙ for a 24M ⊙ star). In the low metallicity case, the star envelope cuts off sharply at ∼ 1.5R ⊙ .
When the broken pieces of ejecta impact this stellar envelope they undergo a shock and become heated to a temperature of T c ∼ ξ s Γ i m Fe c 2 . Here, the shock efficiency was roughly estimated to be ξ s ∼ (ρ env. /ρ Fe ) 2 , where ρ env is the envelope density at the shock radius. Noting that non-degenerate iron will vaporize if heated to ≥ 0.3 eV (see CRC tables 2005 for vaporization temperature of iron at normal density), we then define a critical envelope density ρ env,c ∼ 7.5 × 10 −6 g cm
above which the chunks will be vaporized and lose considerable momentum. This critical density corresponds to an envelope mass m env.,c ∼ 10 −6 M ⊙ which we will use to define two regimes of interaction.
Thin envelope
If the stellar envelope density following the collapse is below the critical density, ρ env.,c , the chunks will not be vaporized nor do they expand significantly, rather they pass through the envelope effectively puncturing it. During this interaction the temperature of a piece of broken ejecta, T c , will not exceed the eV range, thus, any emission would be in the optical band (see §4.1).
Thick envelope
If the envelope density is higher 6 than ρ env,c the chunks will be vaporized upon impact and subsequently spread into a uniform shell, which plows the entire envelope (πθ 2 B m env ) above the funnel. A significant fraction, ζ s = 1/(1 + mejecta menv. ), of the kinetic energy of the QN ejecta goes into heating the envelope. In this case, the thermal energy of the combined ejecta and envelope (hereafter referred to as the cap) is
where the resulting thermal energy per nucleus is,
The maximum nucleus temperature, T nuc.,max ∼ 2.4 GeV Γ i,10 µ, occurs when the envelope and ejecta masses are equal. Note that, µ ∼ 1 whenever T env. exceeds 1 MeV due to nuclear dissociation. Thermalization with (e + e − ) pair creation places an upper limit on the electron temperature of ∼ 1 MeV. Subsequent energy transfer from nuclei to electrons contributes to further pair creation as the nuclei cool 6 This is more likely to occur than the thin envelope case since an average density of the envelope can be estimated asρenv. ∼ 1 g cm −3 Menv.,5M ⊙ /R 3 env.,11
Fig. 2.
Final velocity (β f Γ f ; Eq. 10) of the combined mass of the envelope plus ejecta following collision. The four curves are for ejecta masses ranging from 10 −5 M ⊙ to 10 −2 M ⊙ , left to right. The transition from relativistic to non-relativistic bulk motion occurs at β f Γ f = 1. to 1 MeV. If kT nuc > 1 MeV, then most of the ejecta's kinetic energy ends up as (e + e − ) pairs. The end result would then be a cap rich in pairs.
Momentum conservation arguments in this case show that the cap slows quickly, reaching a final speed (v f ) of,
where β f = v f /c. We note that if the envelope mass is less than m env,R ∼ 10 −3 M ⊙ Γ 10 m ejecta,−4 , then the mixed ejecta is moving radially outwards at relativistic speeds ( Fig. 2 ). Thus m env,R separates two regimes within the thick envelope case which is of relevance when applying our model to GRBs.
Application to GRBs

Precursors
Optical precursor In our model, the mechanism for production of an optical flash are the heating of the chunks of the QN ejecta in the thin envelope case. An upper limit for the fluence is given by equation (8) in the limits of m env. << m ejecta (since the optical regime corresponds to m env < m env,c ) to be
The precursor time is governed by 3 timescales: a) time to traverse the envelope, if the envelope is optically thin to the radiation emitted at temperature T c ; b) geometrical time delay (θ B R env /c); c) cooling time of the chunk:
c ; the chunk's area is A c ∼ 6 × 10 11 cm 2 . The number of particles in the chunk is N Fe ∼ m c /(µm p ) ∼ 2 × 10 44 with µ ∼ 28 (if we take one ion and one free electron in the metal per Fe nucleus). Then t cool ∼ 0.8 s × T −3 keV and depends strongly on the temperature that the chunks are heated to. If optical (eV) then c) is longer than a) so the longer of b) and c) would give the observed precursor duration. If the chunks are heated to keV temperatures, (c) is so short that unless the chunk is continuously heated by interaction with the envelope, the longer of a) or b) would give observed precursor duration. The observed cooling time is shorter by a factor of 1/(2Γ 2 c ) due to relativistic motion of the chunk toward the observer. We note that for liquid clumps N Fe and the area A c are both larger somewhat lengthening t cool . But t cool is still dominated by the value of T keV leading to the same conclusions.
X-ray Precursor After the chunks have freely propagated outside of the main envelope (as discussed in § 3.1) they can interact with a higher density shell further out at a radius of r inv (i.e. the density inversion in the envelope at a few times 10 11 cm; e.g. figure  2 in Petrovic et al. 2006) . In order for the chunks to dissipate their energy, the density of the outer shell must exceed ρ env,c ∼ 7.5 × 10 −6 g cm −3 (from § 3). Once the chunks collide with matter possessing this critical density they spread, resulting in their density decreasing, initiating a runaway dissipation process and heating to X-ray temperatures. For example if the density at inversion radius is ∼ 100ρ env.,c then the X-ray emission will peak at a temperature of the order of 3 keV.
The most likely situation is that the radiation emission angle (θ inv = 1/Γ inv ) satisfies θ inv > θ B , where Γ inv << Γ i is the chunk's Lorentz factor following the collision at r inv . An observer would see the emission from all of the chunks, and so the overall precursor pulse would be due to the sequential viewing of different individual pulses from each chunk along the curved surface. The precursor duration is then due to a geometrical delay,
We expect the emission to be optically thin due to the large emitting area (πθ 2 B r 2 inv ) and to also show low absorption column density due to the distance of the emission site from the star.
γ-ray Precursor If significant portions of the stellar envelope are above the critical density, then one would expect the kinetic energy of the chunks to be deposited in a thin dissipation zone at the base of the envelope. This will have effectively spread the ejecta, forming a piston with a strong shock ahead of it. This piston should remain relativistic until it has swept up approximately Γ i m ejecta of envelope mass, at which point it slows, reaching a final velocity given by equation (10). Although the shock heats up and dissociate the nuclei, however, as noted above, the ac- tual temperature 7 will be limited to ∼ 1 MeV due to thermal (e + e − ) pair creation. The precursor consists of a short burst of radiation when the shock reaches the outer edge of the envelope. The precursor would have a typical temperature of a pair plasma, T prec. ∼ 500 keV with a duration also defined by geometrical delays,
The precursor brightness in the thick envelope case depends on the final speed of the combined ejecta: (i) if it is relativistic (m env. < m env.,R ) the usual blueshift and beaming applies yielding higher brightness (∝ Γ 2 ); (ii) if it is not relativistic we expect the precursor to be dimmer and harder to detect. We approximate the precursor fluence by assuming that all of the thermal energy is radiated. In the non-relativistic case and for m env,c. < m env,R < m env
7 The details of the shock heating of the envelope and its subsequent cooling are complex. Using blackbody cooling as an upper limit leads to an extremely rapid cooling time (mainly due to the large emitting area) of t env,cool ∼ 10 −12 s menv,−4/T 3 env,1 , where the envelope temperature is in units of 1 MeV. We note that the actual cooling time is defined by the shock propagation time through the optically thin outer parts of the envelope (∼ 10 5 cm), which yields timescales ≤ 10 −4 s.
while the resulting fluence in the relativistic case (i.e. m env,c. < m env < m env,R ) Γ f E th. , is shown in Figure (3 
Prompt GRB emission
As shown in Figure 4 , the phase following the precursor phase consists of the quark star accreting the disk material formed from fall-back material (which in our model could result from the QN-SN shell reverse shock dynamics). Furthermore, as shown in Ouyed et al. (2005) whenever the quark star is heated above T a ≃ 7.7 MeV it will release a burst of photons with energy ∼ 3T a which can momentarily impede accretion, until the burst has faded at which point another accretion episode ensues leading to another burst. In its simplest form, this episodic process can be responsible for creating intermittent fireballs (loaded shells with Lorentz factor in the hundreds) eventually leading to internal shocks as described by Kobayashi et al. (1997) . Compared to any other jet launching mechanism (e.g. from a black hole), the QS is able to emit far more energy for a given amount of accreted material (Vogt et al. 2004; Ouyed et al. 2005) . Part of the effectiveness of our model can be attributed to the high efficiency in which the QS converts accreted matter to radiation. The column density of the cap is
which implies it is initially optically thick to the photons from the internal shocks occurring underneath. Thus the prompt GRB phase can only be observed as optically thin once the cap is somehow removed by the QS shells. In the thin envelope case, the first few shells from the QS accretion phase could easily remove the opaque envelope material, making subsequent bursts detectable by the observer. Alternatively, in the case of a thick envelope there are two possibilities depending on whether the cap is moving relativistically (m env,c < m env. < m env.,R ) or not.
Starting with the non-relativistic case, the cap will be bombarded by many QS shells and by photons accelerating it. First the gamma-ray photons from the colliding QS shells illuminating the cap are not over-compact. When they hit the cap they are absorbed and produce optically thick pairs which are good for accelerating the cap. Secondly, each QS shell colliding with the cap lead to gamma-rays that are over-compact leading directly to an optically thick pair cloud at the inner edge of the cap; again this is good at accelerating the cap. The efficiency does drop as the cap accelerates since the difference in Γ between QS shell and cap decreases. But the efficiency does not drop by much until Γ cap ∼ Γ shell /2. In general the number of collisions with the QS shells needed to dissipate or remove the cap to distances large enough to become transparent to radiation is ∼ Γ f m cap /Γ shell m shell . That is, about 100 collisions using our fiducial values. This interaction will lead to heating (to roughly ∼ 500 keV), extending the γ-ray precursor phase. We point out however that the main difference between the γ-ray precursor and the γ-ray burst is that the former occurs at sub-relativistic velocities and is thus not subject to relativistic boost effects. Basically, they both involve similar energy dissipation process but have quite different observed fluences. An approximate equilibrium temperature for the cap can be found from the relation, ǫ r R 
where T QS,10 and R QS,10 are the QS temperature and radius in units of 10 MeV and 10 km, respectively; ǫ r,0.1 is the radiative efficiency of the internal shocks which we take to be ∼ 10% (Kobayashi et al. 1997) . This equilibrium temperature is actually the peak temperature because the QS heating is episodic (see Ouyed et al. 2005 ) and the temperature is only lower in between episodes. This quasi-continuous supply of photons by the QS will keep the fireball spectra close to thermal during its evolution. The spectra should thus consist of a blackbody in the early phase which would eventually evolve into an optical thin emission. Interestingly, it has been suggested in the literature that a hybrid model with a thermal and non-thermal component can explain all type of spectral evolution and shapes of the observed prompt GRB emissions (e.g. Ryde 2005 and references therein). This is further discussed in §5.7.
In the relativistic case, we expect the cap to have moved to large distances by the time the internal shocks occur. The QS shells will eventually collide with the cap at large distances from the source. Simple estimates of the dissipated heat in a relativistic collision of a QS shell of mass 10 −8 M ⊙ and a cap of 10 −4 M ⊙ , for Γ shell = 100 and Γ cap = 2 give E heat ∼ 9.7 × 10 −3 (M shell + M cap )c 2 . Then the temperature is determined by T ∼ E heat /c v with c v = (3/2)N k, where N is the number of particles in the combined shell and cap. The above case gives T ∼ 12 MeV. In a real physical case, as we discussed above already, one gets copious pair production limiting the temperature to < 1 MeV, and lots of radiation from the resulting pair plasma. As Γ cap increases the heat decreases, but it is still high enough to give ∼ MeV temperature up to large Γ cap > Γ shell /2. In most cases then we expect some sort of an X-ray emission occurring simultaneously or shortly after the prompt GRB. This we would argue could explain the early X-ray afterglow emission observed by Swift.
Afterglow emission
The cap provides a buffer for the intermittent shells (from accretion onto the QS) to be absorbed and subsequently form a heavy, slowly moving "giant" shock (reminiscent of an external shock) that might be of relevance to the afterglow activity. This buffer, of minimum mass θ 2 B m cap ∼ 10 −6 M ⊙ θ 2 B,0.1 m cap.−4 , will lead to different type of afterglows depending on whether it is relativistic or not.
The heavy elements of the slowly moving wall resulting from the merging of the cap and the multiple QS shells should absorb and emit radiation as it interacts with the surrounding or when it is bombarded by the energetic photons from late internal shocks (e.g. Staff et al. 2006b ). Iron emission lines have been detected in the X-ray afterglow of few GRBs (Piro et al. 2000; Butler et al. 2003; Reeves et al. 2002; Watson et al. 2002; Antonelli et al. 2000) which might be indicative of the wall in our model.
Discussion
SN-less GRBs in our model
If the supernova fails to explode then the consequences are twofold in our model (see Fig. 5 ). First, the QN ejecta will be subject to larger densities due to an infalling stellar envelope, which leads to higher shock efficiency ζ s and a harder spectrum than if the SN had occurred.
Second, the infalling material will in most cases force the QS to turn into a black hole. Whereas in the SN case the outcome could be a QS or a black hole depending on the disk and QS's initial mass, in the SN-less case the GRB phase is likely due to jet activity from accretion onto a black hole. In our QS model, as opposed to models with just a black hole, the black hole jet will catch up faster with the mixed ejecta/envelope since the QN ejecta will have cleared out the more compact, dense envelope.
Short duration GRBs in our model
The short duration GRBs we first discuss here are necessarily related to star forming regions. A discussion on the second class (i.e. those not associated with star forming regions) follows immediately after. A short duration GRB in our model corresponds to the case of a low-angular momentum progenitor. In this case the infalling progenitor's envelope will not form a disk and will fall entirely onto the star, resulting in a black hole with no surrounding material to accrete (see Figure  5 ). Simply put, in our model short GRBs are dominated by the precursor phase which will emit in the γ-ray frequency band due to the high envelope densities.
We expect that the funnel's opening angle in this case will be wider than in cases involving disks (from angular momentum arguments). This implies that (i) some short GRBs with no SN association should be found in star forming regions; (ii) all of these short GRBs should in principle be observed (however they might be less numerous than long ones if low angular momentum progenitors are sparse); (iii) they are less luminous and thus only the nearby one will be detectable; (iv) Their spectrum should be harder since the QN ejecta will interact with a more dense SN ejecta; (v) X-ray precursors of SN-less GRBs or the early phase of the prompt GRB emission in SN-less GRBs should resemble emission from short GRBs.
Observed short hard GRBs that have not been associated with star forming regions can plausibly be accounted for in our model in the following way: Some neutron stars, on account of pulsar kicks during their birth, accquire large peculiar velocities. It is a well known fact that pulsars in our Galaxy have velocities much in excess of ordinary stars (Harrison 1993) , with transverse speeds ranging from 0 to ∼ 1500 km s −1 . This implies a mean three-dimensional speed of 450 ± 90 km s −1 (Lyne&Lorimer 1994), hence some of these run-away pulsars could cover kpc distances from their origins (i.e. star forming regions) within a Hubble time before they undergo a QN explosion as a result of an increase of their core densities following spin down (see Staff, Ouyed, & Jaikumar 2006 for more details). Therefore, we expect that a percentage of the short hard GRBs to be a consequence of QNe going off in isolation with emission mechanism, energetics and duration defined by a freely expanding ejecta and a smaller accretion disk surrounding the newly born quark star .
Dark GRBs in our model
Dark GRBs are defined as those that are not associated with an optical afterglow (e.g. Jakobsson et al. 2004) or any afterglow emission regardless of the frequency band (e.g. Mészáros et al. 2007 ). In our model the cap as we have said provides a buffer for the episodic shocks (from accretion onto the QS) to be absorbed and subsequently form an external shock that could in principle explain the observed afterglows.
One possible explanation using our model is that Dark GRBs would correspond to the situations where the interactions between the cap and the upcoming QS shells are reduced or nonexistent. This would be the case if the envelope is thin in which case there is no cap or buffer, or if the cap is moving at relativistic speeds in which case the heating from the colliding shocks is diminished.
Hypernovae as QNe signature?
Outside the funnel, the effect of the QN on the preceding expanding envelope when a SN occurs is threefold: (i) it will energize the expanding CNO envelope as it collides with it (see Figure 1) ; (ii) It will irradiate the envelope with X-rays from the precursor and gamma-rays from the prompt phase; (iii) It will provide conditions in the expanding QN ejecta that are favorable for the r-process to take effect (as discussed in details in Jaikumar et al. 2006) . Hence, additional heavy elements will be deposited in the expanding envelope as the QN ejecta reaches and mixes with the envelope. Hypernovae are energetic SNe associated with GRBs and are observed in the late afterfglows of long GRBs. We are tempted to speculate that hypernovae are actually SNe that are energized by their interaction with QNe, and so carry more heavy nuclear elements (see Leahy&Ouyed 2008) .
The bulk of the ejecta energy not entering the funnel is used up to energize the SN. The corresponding energy in our model is thus ∼ 10 52 erg η 0.1 E QN,53 . As shown by Jaikumar et al. (2006) the QN ejecta will quickly process heavy elements thus depositing up to ∼ 10 −2 M ⊙ or r-process material onto the preceding SN shell (Leahy&Ouyed 2007).
Optical flashes and X-ray precursors
Prompt optical emission, contemporaneous or not with the high energy emission in GRBs have been reported. While it has been suggested that this could be produced by the reverse shock emission or could arise from the internal shock emission (e.g. Sari & Piran 1999) , the matter is still being debated. For GRB990123 and recently discovered GRB060111b, their optical flashes were uncorrelated with the prompt gamma-ray emission, which suggests that the optical emission and gamma-ray emission should have different origin (e.g. Klotz et al. 2006 ). For GRB041219a, its optical flash was correlated with the gamma-ray emission (Vestrand et al. 2005; Blake et al. 2005) , and for GRB050904, a very bright optical flare was temporally coincident with an X-ray flare (Böer et al. 2006 ; see also Wei 2007) , which implies that for these two GRBs there should be a common origin for the optical and high energy emission.
Our model indicates a natural dichotomy in observations of optical flashes when: (i) the chunks of QN ejecta puncture the envelope without being destroyed, in which case the optical flash will precede the GRB phase (cf. §3.1); or when (ii) the interactions between the first few internal shocks (from accretion-induced bursts) interact with the thin envelope, such that the optical flash is contemporaneous with the GRB emission. Observations also show that for a large fraction of the GRBs no early optical emission was detected, which implies, in the context of our model, that the most common scenario involves envelope masses greater than m env,c. .
As for the observed X-ray precursors (c.f. Koshut et al. 1995 , Lyutikov & Usov 2000 , and Piro et al. 2005 in our model, these correspond to the case when a substantial fraction of the stellar envelope density is above the critical density, resulting in a X-ray or gamma-ray precursor respectively.
X-ray flares
X-ray flares are frequently observed in the early X-ray afterglow of GRBs (e.g. Burrows et al. 2005; Chincarini et al. 2007 ). In Staff, Ouyed, & Bagchi (2007) a possible explanation for these X-ray flares with an accreting quark star as the GRB inner engine is given. It was shown that a quark star can accrete a maximum of about 0.1M ⊙ before collapsing to a black hole. Hence the quark star as GRB inner engine can last for about a thousand seconds. If there is still matter left to accrete once the black hole is formed, a new jet is formed from the accretion onto the black hole (DeVilliers, . Staff et al. (2006) proposed that the interaction between the jet from the black hole and the jet from the quark star could make internal shocks and thereby produce X-ray flares. Furthermore, when the black hole jet (or more massive parts of the quark star jet) interacts with the external shock, the shock will be reenergized and a "bump" can result. Internal shocks within the black hole jet itself can also occur, giving rise to more flares; see Figure 5 in Staff et al. (2006) for the resulting lightcurves.
The accretion rate onto a black hole is likely very high (Ṁ BH ∼ 0.1 − 1M ⊙ s −1 ), meaning the black hole phase will be rather short. The flares created by interactions between the black hole jet and the quark star jet therefore have to occur within about a thousand seconds, whereas the activity caused by interaction between the jets and the external shock can occur later. Flares can occur earlier if the quark star collapses to a black hole sooner than after a thousand seconds.
The two components
From equation (16) we estimate the expanding cap to becomes optically thin, to photons from the internal shocks, at a radius of about r therm. ∼ 10 14 cm m cap,−4 at which point the temperature of the thermal component becomes T eq ∼ 10 keV T QS,10 R . The synchrotron radiation from the subsequent internal shocks will then dominate the spectrum in the later stages, r > r therm. , of the prompt GRBs; the QS will continue to accrete until the accretion disk is consumed or the QS turns into a black hole Staff et al. 2006b ). Whether the two-components presumably inherent to some GRBs (Ryde 2005 ) is an indication of the envelopeshells interaction as described in our model remains to be confirmed. For completeness, however, we should note that accreting quark stars could in principle result, as we have said above, from QNe going off in isolation in which case the standard internal shocks scenario, involving no intervening envelope, applies .
The iron needles
For case (i) where crystallization occurs, the QN ejecta breaks into what we have called "iron needles". While this has much in common with the subjets model of Toma et al. (2005) , it is difficult to imagine how these needles can keep their shape even if they somehow manage to survive their interaction with the stellar envelope. However, if a QN occurs much later than the SN era, then there will be no Wolf-Rayet envelope for the iron needles to interact with.
Thus, it is conceivable that in this case some interaction between the needles and surrounding matter and/or radiation (e.g. the wind ejecta in binary systems 8 at 10 13 cm and Comptonization 9 ) could make them radiate. Further studies would be required, in order to better understand the salient differences between QNe occurring inside a collapsar versus those occurring after the dissipation of the SN, before we can say more about this aspect of our model. This is simply to note 8 In most scenarios, the binary wind ejecta is in the plane of the binary orbit. Most likely the spin axis of the Wolf-Rayet SN progenitor is perpendicular to the binary plane, so the QN ejecta which is directed along the spin axis is unlikely to interact with the binary wind ejecta. There could be an interesting interaction in cases where the binary wind ejecta is polar or where the Wolf-Rayet spin-axis is misaligned.
9 This is reminiscent of the cannonball model (Dar&DeRújula 2004). However, the mass of the needles in our model (eq.(D.5)) is much smaller than one earth mass as required by the cannonball model. Also, it is hard to imagine how Lorentz factors of 1000 can be obtained from the QN explosion (see Staff et al. 2006a on formation sites of cannonballs).
that we find it interesting that our model may be compatible with ideas portrayed by Toma et al. (2005) .
conclusion
Although the presented model is based on physical arguments, most of these are in reality more complicated and so would require more detailed studies. For example, the launching of the outer layers during the QN is a difficult process to study, and involves energy transfer, core-bounce, generation of a shock wave, including cooling processes, and subsequent ejection. We have assumed simple conditions for the ejecta immediately after the QN such as constant Lorentz factor. A range of Lorentz factors would still result in the outermost shell of the ejected material interacting with the progenitor envelope as we have described here. Shells with lower Lorentz factors would interact later in a similar manner and would lead to more complex interaction with the envelope. Another important aspect of our model that requires further studies is the process of clumping, crystallization, and breakup of the ejecta, which would require better knowledge of the ambient conditions surrounding the ejecta. Despite our simplifying assumptions, we feel that our model captures the basic envelope interaction physics and provides interesting features with possible applications to GRBs. Finally, we note that a delayed QN (> few days after SN explosion) would result in a different interaction with the envelope, whose signature might have already been seen (Leahy&Ouyed 2007).
The Fermi energy for a relativistic and a non-relativistic gas is ǫ F ≃ 1.413 × 10 −5 erg ρ 10 respectively (e.g. Shapiro&Teukolsky 1983; p24). The internal energy, u, per particle is
with a corresponding pressure P = (2/3)(u/v) where v is the volume per particle. In the relativistic degenerate regime, P = κ r ρ 4/3 with κ r = 1.244 × 10 15 µ −4/3 e ; in the nonrelativistic regime P = κ nr ρ 5/3 with κ nr = 9.91 × 10 12 µ −5/3 e . The corresponding sound speed is c s,r ≃ 2.57 × 10 7 ρ 1/6 cm s −1 and c s,nr ≃ 2.26 × 10 6 ρ 1/3 cm s −1 , respectively. The transition from relativistic to non-relativistic degeneracy occurs at density ρ tr ≃ 2 × 10 6 g cm −3 . Finally, the transition from Fermi-Dirac to Boltzmann statistics occurs at the degeneracy temperature kT ∼ ǫ F .
Appendix B: Relativistic expansion of a degenerate ejecta
We solve for the heat equation (Eq. 3) for the cases of adiabatic and isothermal expansion of the QN ejecta in the shape of a spherical shell. The expansion is relativistic and assumed to occur at at constant speed. The analysis is in the ejecta's frame. In the adiabatic case, L γ = 0 which leads to U/U 0 = (r/r 0 ) −2αV/3 . Using the expression for ǫ F (with ǫ F,0 = ǫ F (ρ 0 )) given above we arrive at
which shows that the temperature goes to zero in finite time corresponding to a radius
Clearly the radius is too close to the origin which means that in the adiabatic case the ejecta would cool almost immediately and would continue to expand at zero temperature, with U = (3/5)N ǫ F . In reality the eject will solidify when it cools below the melting temperature of iron. This melting temperature is density dependent and can vary from 10-100 keV depending on the ejecta initial density (de Blasio 1995). For example, using equation above and for α v ∼ 9/4, an ejecta born at ∼ 10 MeV and ρ 0 = 10 10 -10 11 g cm −3 , will cool to below T s ∼ 10 keV and solidify (see §2.1) when it reaches a radius of ∼ 3-10r 0 . The corresponding ejecta density at this radius is ∼ 10 8 gm cm −3 .
In the isothermal case, T = T 0 , the heat equation leads to , (B.4) which corresponds to r ∼ 1.15r 0 for α v ∼ 9/4. The corresponding ejecta density at this radius is ∼ 10 9 gm cm −3 . For T 0 ∼ 0.1 MeV we find r ∼ 17r 0 for α v ∼ 9/4. with a corresponding ejecta density ∼ 10 8 gm cm −3 .
Appendix C: Evolution of ejecta thickness
The ejecta thickness increases in time at the speed of sound d(∆r) = c s dt with dt = dr/c in the ejecta's frame. It is straightforward to show that the ejecta's density quickly drops below the transition density ρ tr ∼ 2 × 10 6 g cm . Phase 1 consists of the interaction between the QN ejecta and the envelope leading to an X-ray precursor (see §3.1). The interaction between the QN ejecta and the preceding SN ejecta provides fall-back material (see Figure 1 ) that forms an accretion disk around the QS. This leads to Phase 2 where a jet is launched providing the prompt GRB emission (see §4.
2). Phase 3 shows the late stages of the QS jet interacting with the QN ejecta leading to an X-ray afterglow. However, if accretion is sufficiently large the QS may turn into a BH, causing a launch of a second jet extending the prompt GRB phase reminiscent of the late activity observed by Swift (see Staff et al. 2006b) . In this case the interaction between the denser envelope material and the QN ejecta would lead to a γ-ray precursor (see §3.2). The two possibles outcomes are long and short GRBs with no SN association, depending on the angular momentum of the progenitor. Both cases result in a formation of a black hole with the higher angular momentum case providing an accretion disk and a jet leading to the prompt GRB (see §4.2).
The low angular momentum case consists on the γ-ray precursor followed only by an afterglow.
